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Elevated plasma lipoprotein [Lp] (a) is a recognized cardiovascular risk factor [1] [2] [3] . It uses atherogenic and prothrombotic pathways via systemic inflammation and endothelial dysfunction. Its glycoprotein apo(a), bound to apoB moiety, is very heterogeneous in size due to a genetically determined kringle IV type 2 copy number variation within the LPA gene on chromosome 6q27 [4] . Risk of coronary heart disease (CHD) is considered to be determined by Lp(a) level which is mediated by LPA variants. Kringle IV type 2 repeats were found to be inversely related to the Lp(a) level and the risk of CHD [5] [6] [7] . 2 LPA variants that were strongly associated with both an increased level of Lp(a) lipoprotein and an increased risk of coronary disease have been identified [6] which provide support for a causal role of Lp(a) lipoprotein in CHD. One SNP, rs10455872, has been found to be strongly associated with Lp(a) concentrations and number of kringle IV-2 repeats, and to exist only among European Caucasians, not in South Asians or Chinese [7] . This SNP polymorphism explained a much larger extent of Lp(a) variation in European Caucasians, 6-fold that of kringle IV-2 repeats [7] . Sex, apo B and LDL-cholesterol levels explained only a small percentage of Lp(a) concentration variation. Other SNP variants [8] and specific haplotypes have been related to elevated plasma Lp(a) and CHD risk [9] , but these were correlated with 2 rare variants in the apo(a) gene [10] . The question of whether low levels of plasma Lp(a) also might be related to cardiometabolic risk has not received adequate attention. However, it was demonstrated in a meta-analysis that sex-and age-adjusted Lp(a) concentrations were lower by 11 % in diabetic than in non-diabetic subjects [2] . Moreover, the genetic effect on CHD risk showed significant heterogeneity between the diabetic and the general population [11] . More notably, the lowest quintile of Lp(a) was found associated with the development of type-2 diabetes in the prospective Women's Health Study [12] . These observations may be explained by a Abstract ▼ Objective: We determined whether U-shaped relationships exist between serum lipoprotein [Lp](a) and cardiometabolic risk. Methods: In population-based nondiabetic and diabetic middle-aged adults (n = 1 428 and 241, respectively) who had been genotyped for the LPA rs10455872 A > G polymorphism, we adjusted the Lp(a) concentration for the effects of genotype and other covariates. Via sex-specific equations we estimated expected Lp(a) concentration in each participant, and the quotient between observed to expected Lp(a) values was determined. Lp(a) and Lp(a) quotient tertiles served to identify non-linear associations with outcomes. Results: Incident 81 cases of diabetes and 128 of coronary heart disease (CHD) developed at 5.1 years' follow-up. Lp(a) concentration was linearly associated with the LPA genotype, gender, total cholesterol, (inversely) fasting insulin, which together with age formed the variables to derive the equations. In logistic regression for incident diabetes, the low Lp(a) quotient tertile was a predictor (RR 1.95 [95 %CI 1.10; 3.47]) alike the low Lp(a) tertile, additively to major confounders. Cox regression models comprising sex, age, LPA genotype, smoking status, systolic pressure and serum HDL-cholesterol disclosed that, compared with the mid-tertile, both low (HR 1.77) and high Lp(a) quotient tertiles significantly predicted incident CHD, especially in women. Conclusion: Elevated cardiometabolic risk is conferred by apparently reduced circulating Lp(a) assays supporting the notion that "low" serum Lp(a), mediating autoimmune activation, is a major determinant of cardiometabolic risk.
Onat A et al. Lipoprotein(a) and Cardiometabolic Risk… Exp Clin Endocrinol Diabetes 2015; 123: [11] [12] [13] [14] [15] [16] [17] [18] mechanism of immune complex formation involving Lp(a) and interfered assay results due to failure by capture antibodies [13] . We postulated that genotype-specific low or "residual" Lp(a) concentrations might reflect insulin resistance and autoimmune activation. A method of estimating "residual" Lp(a) had been used in the San Antonio Heart study by Rainwater and Haffner in 1998 [14] . They reported in 473 Mexican Americans that sexand age-adjusted residual Lp(a) concentrations were inversely correlated with fasting insulin and post-load glucose in nondiabetic individuals, independent of Lp(a) level and lipid measures. We addressed the above stated question with the following study design. We first estimated "expected" Lp(a) concentrations based on LPA genotype and other covariates and determined the quotient Lp(a) in each participant. Postulating a non-linear relationship between Lp(a) (or quotient Lp(a)) and cardiometabolic risk, we then investigated prospectively the risk of both type-2 diabetes and CHD by using tertiles of the quotient Lp(a) as well as assayed Lp(a) concentrations in multivariable regression models. Findings elucidated several fundamental aspects of mechanisms for the development of cardiometabolic disorders.
Materials and Methods

▼
Population sample
The TARF is a prospective survey on the prevalence of cardiac disease and risk factors in adults in Turkey carried out periodically almost biennially since 1990 in 59 scattered communities [15] . It involves a random sample of the Turkish adult population, representatively stratified for sex, age, geographical regions and for rural-urban distribution. Measurements of serum Lp(a) were made between the surveys 2002 and 2012 (median 2005) of the Turkish Adult Risk Factor Study (TARF) [16] residing in all 7 geographical regions of Turkey. Participants who had genotyping of LPA polymorphism of rs10455872 along with a first Lp(a) measurement (n = 1 669) formed the study sample. The TARF study conformed to the principles embodied in the Declaration of Helsinki and was approved by the Istanbul University Ethics Committee. Written informed consent was obtained from all participants. Data were obtained by history of the past years via a questionnaire, physical examination of the cardiovascular system and recording of a resting electrocardiogram (ECG).
Measurement of risk factors
Waist circumference was measured with the subject standing at the end of gentle expiration at the level midway between the lower rib margin and the iliac crest. Status of cigarette smoking was categorized into current, former and never smokers. Blood pressure (BP) was measured in the seated position on the right arm using an aneroid sphygmomanometer (Erka, Bad Tölz, Germany), after 5 min of rest, and the mean of 2 recordings was computed. Sera were obtained from venous blood after an overnight > 11 h fasting and measurements were made with commercially available kits in a central laboratory in Istanbul. Serum concentrations of total cholesterol, fasting triglycerides, glucose, creatinine and high-density lipoprotein (HDL)-cholesterol (directly without precipitation) were determined using enzymatic kits from Roche Diagnostics (Mannheim, Germany). Concentrations of insulin and sex hormone-binding globulin (SHBG) were measured by chemiluminescence immunoassay utilising Elecysys 1010 immunautoanalyzer. Apolipoprotein (apo) A-I, apo B, and Lp(a) were measured by means of particle-enhanced immunonephelometry with the Behring nephelometer (Behring Diagnostics). 
Determination of the LPA rs10455872 genotypes
Definitions
Individuals with diabetes were diagnosed with criteria of the American Diabetes Association [19] , namely when plasma fasting glucose was ≥ 7 mmol/L (or 2-h postprandial glucose > 11.1 mmol/L) and/or the current use of diabetes medication. Impaired fasting glucose (IFG) was identified with a fasting level of 5.56-7.0 mmol/L. Homeostasis model assessment (HOMA) of insulin resistance was calculated in participants who had concomitant fasting insulin and glucose measurements at baseline with the equation = fasting insulin (μU/ml) × glucose (mmol/l)/22.5 [20] . Diagnosis of CHD was based on the presence of angina pectoris, of a history of myocardial infarction with or without accompanying Minnesota codes of the ECG [21] or on a history of myocardial revascularization. Typical angina and, in women, age > 45 years were prerequisite for a diagnosis when angina was isolated. ECG changes of "ischemic type" of greater than minor degree (Codes 1.1-2, 4.1-2, 5.1-2, 7.1) were considered as myocardial infarct sequelae or myocardial ischemia, respectively. CHD death comprised death from heart failure of coronary origin and fatal coronary event.
Determining the "quotient" Lp(a) concentration
Mean Lp(a) concentration of each genotype in each participant was adjusted separately in sexes for age, fasting insulin and total cholesterol value to derive an expected Lp(a) value commensurate with findings provided in • ▶ Table 2 . The observed serum Lp(a) value was divided to the expected one, "quotient" Lp(a) concentration, yielding lower (or higher) Lp(a) levels than the observed ones. This definition reflects better (than an inverse one) the proportion of Lp(a) mass, not picked up by the assay. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. Table 1 Baseline characteristics of the sample by diabetic status, gender and LPA genotype of rs10455872 (n = 1 669). 
Results
▼
The rs10455872 genotype GA prevailed in 2.6 % of men, 3.1 % of women. G homozygotes were virtually not represented (0.045 %) in the TARF cohort. Lp(a) concentrations corresponding to GA genotype were overall 3.5-fold higher than the AA genotype regardless of gender or diabetic status. Total follow-up of the nondiabetic sample consisted of 7 280 person-years (1 428 subjects for a mean 5.1 ± 2.1 years). Clinical features of GA -compared with the common-genotype was led by high Lp(a) concentrations and further by significantly higher apo B in normoglycemic men and LDL-cholesterol in women, along with narrower waist circumference ( • ▶ Table 1 ). In men with IFG, as distinct from women, higher total and LDLcholesterol as well as lower HOMA index prevailed. (GA genotype seemed to exhibit a lower DM prevalence in males, whereas it interacted with the female gender to tend to be associated with a higher DM prevalence (1.98-fold, p = 0.094)). Table 1, Supplementary Table 5 and Supplementary Fig. 1 ).
Determinants of Lp(a) concentration and derivation of expected Lp(a) values
Univariate correlation between log-transformed Lp(a) and the HOMA index was weakly but uniformly inverse irrespective of gender and diabetic status. It was significant in the whole sample (r = − 0.065, p = 0.023). "Quotient" Lp(a) and the HOMA index were uniformly not correlated (Spearman) in normoglycemic subjects; the correlation tended to be insignificantly inverse in individuals with impaired fasting glucose and in diabetic women.
A possible predictive value of Lp(a) and "quotient" Lp(a) tertile for future development of HOMA index > 2.5 was examined in a logistic regression model among nondiabetic participants after exclusion of the sample with baseline HOMA > 2.5 and those with no follow-up ( • ▶ Table 3 ). Though no significant association was observed, the RRs tended to disclose a U-shaped curve in women -more prominent for quotient Lp(a)-and to weakly increase in men with decreasing "quotient" Lp(a) tertiles. in men but did predict in women (RR 1.83 [95 % CI 1.01; 3.31]) (Supplementary Fig. 2 ).
Discussion
▼
We confirmed in a representative sample of 1 341 middle-aged nondiabetic adults that the LPA SNP rs10455872 genotype was the main determinant of assayed Lp(a) concentrations. Using a method of estimating expected Lp(a) concentrations and determining the observed/expected Lp(a) ("quotient") concentrations, we found prospective evidence that non-genetic determinants affected observed Lp(a) levels, rendering "reduced" values. The quotient of Lp(a) tertiles revealed that, beyond excess Lp(a) values with respect to CHD risk, the low Lp(a) quotient tertile conferred -as a novel finding-significantly elevated risk for both CHD and type-2 diabetes, compared with the intermediate tertile. Though low Lp(a) tertile similarly displayed significant independent predictive value for incident diabetes, it was attenuated regarding CHD risk in women. This was consistent with the notion of Lp(a) protein being involved in autoimmune activation, impacting excess cardiometabolic risk while yielding reduced assays [13] .
Genotype, ethnicity and sex as determinants of Lp(a) concentrations
In the cross-sectional multi-ethnic SHARE study, 906 healthy Canadians were analyzed for genomic variation in the LPA locus. Among the LPA SNP genotypes, SNP rs10455872 was found to be present only in European Caucasians and explained in them 28 % of the variation in Lp(a) concentrations, while Kringle IV-2 copy number -associated also with the genotype-explained an additional 4.2 % of the variation [7] . Sex, LDL-cholesterol and apoB explained only 1.5 %, whereas in Chinese and South Asians, no more than a quarter of the variation was explained by the stated variables, due to SNP genotype not being as strongly associated with Lp(a) concentrations as in Europeans. Alleles of 2 single nucleotide polymorphisms (SNPs) in the LPA gene, rs10455872 and rs3798220, have been shown to be associated with high plasma levels of Lp(a) and coronary artery disease (CAD) [6, 8] . The poorly correlated variants together explained about 36 % of the variance in Lp(a) levels [6] . Each minor allele of rs10455872 (G; 6.2 % frequency) and rs3798220 (C; 1.4 % frequency) increased Lp(a) by 2.94 and 3.14 and the risk for CAD by 47 and 68 %, respectively [6] . A strong and consistent association between the 2 LPA variants and Lp(a) levels [6, 22] has been demonstrated, and Lp(a) level adjustments abolished the association between the LPA risk variants and CAD [6] , thus supporting the view that the effect on atherosclerotic phenotypes is mediated through Lp(a) levels. However, nonlinear associations of Lp(a) with CAD have not been adequately analyzed.
Risk conferring for type 2 diabetes
Possibly due to a non-significant association between circulating Lp(a) and diabetes development, studies on this association are scarce. The large prospective Women's Health Study [12] reported that Lp(a) was inversely associated with the development of type-2 diabetes, exhibiting roughly 25 % higher relative risk in the bottom quintile compared with the remainder of the sample -a result designated as unexpected. Our findings not only support this association but extend the knowledge in the following ways. First, this association was independent of the most relevant LPA polymorphism. Second, rather than inverse association of assayed Lp(a) levels, the low tertile of Lp(a) quotient revealed a nearly 2-fold relative risk for diabetes, additively to the 2 powerful predictors of waist circumference and IFG. This finding is consistent with the proposed autoimmune activation involving Lp(a) rendering a fraction escaping from immunoassay. The rare LPA allele additionally imparted significant diabetes risk in women alone.
Risk conferring for CHD
Our findings indicate that, in addition to excess Lp(a) concentrations or quotient, the low Lp(a) quotient predicted CHD incidence, independent of LPA polymorphism and conventional cardiovascular risk factors. The imparted risk was similar in magnitude in the extreme tertiles and was similar or larger than that of the conventional risk factors. The relatively modest CHD hazard ratio estimates of Lp(a) used as a continuous variable [2] may well be attributed both to the U-shaped risk curve and to using the assayed Lp(a) concentrations without estimating expected values based on genetic and metabolic determinants of Lp(a). Our findings confirm and largely extend the information provided by Rainwater and Haffner [14] . Patients with type 2 diabetes differ in metabolic profile from the general population leading to a 3-fold higher cardiovascular risk than non-diabetic subjects [23] . Lp(a) levels are lower in diabetic patients than in non-diabetics [2, 12] . The genetic determinants for Lp(a) levels in diabetic patients are little known, as is the issue whether elevated Lp(a) levels causally affect CVD risk in them. Several small prospective studies among patients with type-2 diabetes have yielded conflicting results [24] . Evidence was found that diabetes status attenuates the relation between Lp(a) and cardiovascular risk [11] . In prospective analysis of patients with type 2 diabetes of the Nurses' Health Study and the Health Professional Follow-Up Study, no significant association was found between plasma Lp(a) levels and CVD incidence; a borderline association was found with CVD death. None of the LPA SNPs were associated with CVD risk or mortality either [11] . These results may be explained by our finding that low Lp(a) quotient representing autoimmune activation significantly predicted diabetes, alike CHD, attenuating indeed, the relation between Lp(a) and cardiovascular risk.
Role of LPA genotype in the presumable autoimmune processes
Our analyses indicated that it was the common LPA rs10455872-A homozygotes that were associated with significantly lower assayed compared with expected Lp(a) concentrations, especially in women. This was concomitant with the low Lp(a) quotient tertile being associated with elevated cardiometabolic risk. The GA genotype exhibited sex interaction with respect to insulin resistance, insofar as men displayed inverse correlation with fasted serum insulin and an inverse trend to predict elevated HOMA index yielding protection against the development of diabetes. Female carriers of the rare allele, on the other hand, had similar insulin levels as the homozygotes, but were associated with excess diabetes risk, additively to the determinants of waist circumference, Lp(a) quotient and the non-significant IFG. This suggests that, beyond the Lp(a)-activated autoimmunity in A-homozygotes acting as diabetogenic, another factor exists, likely related to the apo(a) moiety (short isoforms with fewer repeats and high Lp(a) concentrations). The hypertriglyceridemic-waist phenotype is a recognized atherogenic metabolic marker [25, 26] which we have demonstrated in the TARF to be associated in both sexes with marked excess cardiometabolic risk [27] . This phenotype was independently predicted in women also "paradoxically" by antecedent lower circulating Lp(a) providing support for an autoimmune mechanism rendering reduced assayed Lp(a) concentrations [27] . Epidemiological evidence is available that a slow long-term process of enhanced low-grade inflammation that comprises impairment in anti-oxidative, anti-inflammatory and insulinsensitizing properties foremost of apo A-I, apo C-III in HDL and HDL, precedes insulin resistance. The formation of a complex between such protective proteins and inflammation-mediated damage of Lp(a) and/or other plasma proteins, while contributing to oxidative stress and systemic endothelial dysfunction, simultaneously renders escape of part of Lp(a) mass with damaged epitope from the highly specific immunoassay. Lp(a) is not the only protein/polypeptide comprised in autoimmune complexes. We have recently published evidence of serum creatinine being likewise involved and predicting future CHD risk in the general population [28] or in people without metabolic disorders [29] . Similarly, low glycated hemoglobin has also been considered to represent an elevated risk state in nondiabetic adults [30] .
Implications: Recognition of a notion of low Lp(a) concentrations as indicator of autoimmune activation with concomitantly elevated cardiometabolic risk, particularly in women, has huge implications regarding public health and prevention since diabetes and CHD are highly prevalent in the middle-age and elderly population. Evidence exists further that underlying autoimmune activation may contribute to chronic kidney disease, inflammatory rheumatic diseases [13] and some other chronic diseases. Such a notion entails renewed epidemiologic research, novel immunoassay methods for polypeptides or proteins with damaged epitopes in proinflammatory state and eventual incorporation of this notion into practice guidelines.
Limitations and strength:
This study sample is larger than those of few previous prospective analyses on the combined impact of LPA genotype and Lp(a) concentrations. We relied on single measurements of Lp(a) at baseline, only a minor limitation, because the level of this protein is considered to change little over a lifetime. The estimation of possible Lp(a) levels is based only to one LPA genotype, but this SNP has been documented to be by far the most relevant determinant in Caucasian populations [7] . Current findings may have lower or limited applicability to populations or population segments less susceptible to impaired glucose tolerance. The current study is, to our knowledge, the first one to prospectively investigate the potential nonlinear associations of assayed or estimated Lp(a) with the risk of CHD as well as diabetes, using multivariable adjustments.
Conclusion ▼
In a middle-aged non-diabetic population-based sample prone to MetS, we estimated circulating Lp(a) from LPA genotype, sex and minor determinants, and utilized the quotient of observed/ expected serum Lp(a), apart from assayed Lp(a) concentrations. An approach using tertiles of Lp(a) quotient allowed the demonstration of our postulate, namely, the emergence of effects of a nonlinear association between Lp(a) quotient and outcome in the follow-up. The high tertile of Lp(a) quotient confirmed the established predictive value for future development of CHD, but the novel finding was that the low tertile proved an independent determinant not only of type-2 diabetes with a 2-fold relative risk, but also a significant one of incident CHD, additively to conventional cardiovascular risk factors. These findings tended to be more pronounced in women and supported a notion that "low" serum Lp(a) mediating autoimmune activation is a major determinant of either cardiometabolic risk and that apparently reduced circulating Lp(a) may result from autoimmune-mediated complex formation that precludes the immunoassay to pick up a fraction of the Lp(a) mass. This observation simultaneously suggests that non-genetic inflammation-related determinants substantially influence the level or quality of Lp(a).
